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1.0 INTRODUCTION

The TRAM program provides a Monte Carlo simulation to determine a cumula-
tive hit probability for an ASW weapon delivery system with an evasive sub~
marine as target. The target evasive maneuver is a course change with a
simultaneous gpeed change order (new thrust level). By user choice, the
maneuver parameters may be fixed or may be random within prescribed statisti-
cal limits. The program also takes into account random errors of the weapon
delivery system. These include errors in target localization, target motion

analysis (TMA), and the delivery error of the system.

Hit probability for a given weapon delivery point is determined by a
user-provided rectangqular grid of hit probabilities. The grid structure
provides rectanqular areas distributed about the target with a prescribed hit
probability associated with weapon delivery in each area.

The program is written in Sperry Univac 1100 Series FORTRAN (ASCII) —
Level 9R1. See reference 1. A complete source program listing is contained

in Appendix A.

Logical simplicity of the source code was emphasized to make the program
and its logical flow more easily understood by the user. In some instances,
this resulted in deliberately redundant or inefficient source code.

2.0 MATHEMATICAL DESCRIPTION

Figure 1 presents a representative illustration of target motion and
weapon delivery system geometry. The geometry is two-dimensional; target

depth is assumed constant.

At time t = 0 the target is located at position T(0), located at the
origin of the xy coordinate frame, with an initial velocity Vo along the
positive x-axis. At some subsequent time t = T1, the target initiates a

(1] Sperry Rand Corporation. Sperry Univac Series 1100 FORTRAN (ASCII) -
Level 9R1, Programmer Reference. 1979,
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Figure 1. Hlustrative run geometry.

maneuver which consists of a course change, or an instantaneous change in

thrust level (change in ordered speed), or both, or neither.

The time t = T, may be prescribed by the user or, otherwise, will be

1
chogsen by the program from a random distribution of times uniformly distri-

buted over the interval from t = 0 to t = TB + ern’ where TB is the estimated
blind time of the weapon delivery system, ie, the time between last observed

target position and weapon delivery, and ers is the error in the estimate of

TB' L. is a random variable chosen by the program from a normal distribu-

tion, with zero mean and a user-specified standard deviation.
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The thrust level change at t = T1 is specified by the user. The course
change magnitude may also be specified by the user or, otherwise, is chosen by
the program from a uniform distribution between limits provided by the user.
The direction of the course change is randomly chosen by the program, with
either direction equally probable.

The maneuver event itself may be treated as a random variable by the
program, That is, while the user may prescribe that a maneuver does occur, he
may, alternatively, provide only a probability that a maneuver occurs. In the
latter case, the program will determine the occurrence of the maneuver by
comparing a random number, drawn from a uniform distribution over the interval

zero to one, with the prescribed probability.

The time t = T2 is the time at which the course change, if any, is com-
pleted. Thereafter, the target will proceed on a steady course with constant
thrust level until the end of the run at time t = TB + eTB'
Target dynamics during the maneuver are determined from the two-degree-

of-freedom equations described in Appendix B.

At time t = 0, the weapon delivery system assumes the target to be at
position P(0). e and ey1 are the x and y target localization errors. These
errors are chosen by the program from a zero mean normal distribution with a

user-specified standard deviation.

The weapon delivery system assumes that the target maintains a steady
course e, and steady speed v_ + e fram time t = 0 until t = T,. The target
course estimate error LN is chosen by the program from a zero mean normal
distribution with a standard deviation specified by the user. The target
speed estimate error e, is chosen from another zero mean normal distribution
with a user specified standard deviation.

At time t = TB' the weapon delivery system's estimated (predicted) target
position is at position P(TB)' The aimpoint AP is specified by the user in




terms of range (RA) and bearing (OA) offsets relative to the predicted target
position at t = TB'

The weapon delivery point is at DP. The delivery point is offset from
the aimpoint AP by the weapon delivery errors e a and eyd' Both are chosen by
the program from a zero mean normal distribution with a user-specified stan-

dard deviation.

The probability of hit for a given weapon delivery is determined by the
location of the weapon delivery point in a user-defined hit probability grid.
The rectangular grid is formed by a series of straight lines parallel to the
target's course at weapon delivery and by another series of straight lines

perpendicular to the target course. An illustrative example is shown on

Figure 2.

The target is located at the origin (x = 0, y = 0) and the target course
is along the positive x-axis. The grid lines are specified by the user and
may be located anywhere relative to the target. There is no requirement for

symmetry about any axis.

The user provides a probability of hit for each rectangle formed by the
grid. The left-hand and lower boundaries of each rectangle are assumed to
belong to that rectangle. Thus, for example, if the weapon delivery point was
located anywhere in the rectangle defined by 500 < x < 1000 yards and -900 < y
< ~500 yards, the hit probability for that weapon delivery would be 0.8.

An overall, cumulative hit probability is computed from a set of hit
probabilities from individual "runs", where a run is defined as one target
trajectory and associated weapon deliveries. A "set"™ of runs is defined as a
collection of runs made under conditions that differ, one run from another,

only in a stochastic sense. This structure comprises a Monte Carlo
simulation.
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The user specifies the number of runs in a set and may also specify more
than one set of runs for a given program execution. He may also gpecify any

number of weapon deliveries for each run (salvo launch).

For a run with salvo launch of N weapons, the hit probability for the run
is computed according to the equation:

P =P + P - P

n n n-1 n Pn-1 n = 1' 2,...“ (1)

where P is the probability that at least one of the first n weapons will hit

’
and P is the hit probability for the nt? weapon.

The cumulative hit probability (Monte Carlo probability) for a set of N
runs is computed according to the equation:

p=1 3 p (2)

where Pk is the hit probability for the kth run in the set.

The random variables for each run are provided by two random number gen-
erator subroutines: UNFRM and GAUSS, Both generators run continuously (with-
out reset) through a set of runs, so generally different sequences of numbers
are provided for different runs in a set. A seed number for the generators is
provided by the user at the beginning of each set of runs.

UNFRM generates a sequence of real numbers uniformly distributed over the
interval [0,1). The algorithm used is a multiplicative type of the form:

35

Xe1 - (185363) x, (mod 2 ) (3)

The interval of the distribution is changed to (0,1] by discarding all
x, > 2?7 ana multiplying the others by 227

of the integer~to-real conversion process used with the Sperry Univac 1100

+ The 227 factor is a consequence




Series FORTRAN (ASCII) compiler. See references 1 and 2 for additional
details.

The subroutine GAUSS generates a sequence of normally distributed random
numbers. The algorithm is based upon the Central Limit theorem and is of the

form:

12
x=<z yk-6>ax+)_c
k=1
where x is the normally distributed random variable, the Y, are random numbers
uniformly distributed over the interval [0,1] (provided by subroutine UNFRM),
°x is the standard deviation of the distribution, and x is the mean. x ahd ox

are specified in the program call for the subroutine. See reference 2 for
additional details.

Source code listings of UNFRM and GAUSS are included in Appendix A,
3.0 INPUT DATA REQUIREMENTS

For the convenience of the user in formatting input data, all input data
variable names are defined with a NAMELIST statement. See reference 1 for

details of NAMELIST input.

The program defines three NAMELIST names: NL1, NL2, and NL3. Every input
data variable is assigned to one of the three. Upon initiation of program
execution, the program searches for and reads-in NL1 data. Upon initiation of
each set of runs, the program searches for and reads-in NL2 and NL3 data. For
the first set of runs, all NL2 and NL3 data variables must be explicitly de-
fined on an input record (card). For subsequent sets, only those input vari-
ables whose values change from the preceding set need to be redefined. If
none of the variables in NL2 or NL3 change value from the preceding set, an
input card with a blank data field must nevertheless be provided for that

[2] Hamming, R. W. Numerical Methods for Scientists and Engineers. McGraw-
Hill, 1973,
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NAMELIST name, since the program will search for both NL2 and NL3 input cards

before executing a set of runs.

Appendix C contains a listing of all input data variable names and a
description of the datum each represents. Appendix D contains an example of
input data cards to illustrate input data requirements and format.

4.0 SUBROUTINE REQUIREMENTS

The main program calls two subroutines: UNFRM and GAUSS. Subroutine
UNFRM (NO, N1, X) returns to the calling program a real number X, which rep-
resents one pseudorandom sample from a uniform distribution over the interval
[0,1], and an integer number N1, which represents one pseudo-random sample
from a set of integers uniformly distributed over the interval [0,227]. Sub~
routine GAUSS (NO, XMEAN, XSIGMA, N1, X) returns to the calling program a real
number X, which represents one pseudorandom sample from a normal distribution
with mean XMEAN and standard deviation XSIGMA, and an integer number N1, which

represents a pseudorandom sample from a set of integers uniformly distributed

over the interval [0,227].

For both UNFRM and GAUSS, the integer N0 is provided by the calling
program. For the first call for either UNFRM or GAUSS, NO may be any odd
integer. 1If either UNFRM or GAUSS has been called prior to a current call for
either subroutine, then NO should be the value of N1 returned from that call,
for either subroutine, which immediately precedes the current call.

Source code listings of UNFRM and GAUSS are included in Appendix A. A

mathematical description was provided in Section 2.0. Note that subroutine
GAUSS calls the subroutine UNFRM.

5.0 OUTPUT DATA

Appendix E contains the printout for program execution with the input
data illustrated in Appendix D.
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6.0 TOP LEVEL FLOWCHART

The top-level program flowchart is shown in Figure 3. At the level

shown, program execution is essentially controlled by three nested do-loops.

The outermost loop (I=1, NSET) cycles once for each set of runs, while
the second loop (J=1, NRUN) cycles once for each run within a set. The
innermost loop (K=1, NSHOT) cycles once for each weapon shot of a run. With
one exception, lower level flowcharts are not necessary, since program logic
is obvious. A second-level flowchart for the one exception, Target Course and

Position at Weapon Delivery, is presented in the next section.
7.0 TARGET COURSE AND POSITION AT WEAPON DELIVERY - LEVEL II FLOWCHART
Figqure 4 is a level II flowchart for target course and position at weapon
delivery. The logical flow of program execution can be discerned from the
flowchart and the comments included in the source code listing (Appendix A).

8.0 INTERNAL VARIABLE AND FUNCTION NAMES

Appendix F contains a listing of all internal variable and function names

used in the program along with a dofinition of each.
9.0 REFERENCES

{1] Sperry Rand Corporation. Sperry Univac Series 1100 FORTRAN (ASCII) -
Level 9R1, Programmer Reference. 1979.

{2] Hamming, R. W. Numerical Methods for Scientists and Engineers. McGraw-
Hill, 1973.
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RPN ZEh 40 e ann men s o

le ¢ THIS PPOGRAM COMPUTES A CUMULATIVE H1Y PRORABILITY FOR gaCH SET OF
2, C MONTE<CARLO RUNS FOR AN ASW WEAPON DELIVERY SYSTEM WITH ao T,ARGET
3. C THAT MAY EXECUTE A RANDOM MANEUVER DURING THE BLIND TIME INyERVAL
~‘ “,o C BETWEEN TIME OF LAST 0BSERVED TARGET POSITION AND TIME OF WgAPON
Se ¢ DELIVERPY, THE PROGRAM CaALLS SUBPOUTINES UMFRM AND GAUSS, INpUT
) 6o C DATA ARE THE FOLLOWING:?
7e
Qe ¢ SYMRCL UNITS DESCRIPTION
9
10. C NSET cece NUMBER OF SEYS OF MONTE-CARLO RUNS
11 C NRUM sase NUMBER OF RUNS IN EACH SET
12« C NSHOT case NUMRER OF INDEPENDENT WEAPON DELIVERIES FOR
13 C EACH RUN
14, c PT™ cumn PRORABILITY THAT TARGEY WILL MAMNEUVER OyRING
150 ¢ BLIND TIME INTERvVAL, IF PTM LT, 0.0 ANp PTM
166 ¢ oGV, «leCy THEN TARGET WILL MANEUVER STARTING
17 C AT «10D.0¢PTM PERCENT OF BLINO TIME,
I8, 4 1S} KTS TARGET SPEED BREFORE START OF MANEUVER
19 c 1S2 KTS TARGET SPEED ORDERED AY TIME MANEUVER StyARTS
20 C cHax DEG MAX]MUM MAGN]ITUDE OF COURSE CHANGE
21 (d CMIN CEG MINIMUM MAGM]TUDE OF COURSE CMANGE
22, 4 TR Y0S TARGET TURN RADIUS
23, c 1CL FY TARGET CHARACTERISTIC LENGTH
24, C TR2 YDSee? TARGET CHARACTER[STIC DRAG RADIUS SQuaRgeD
25. 4 T8 SEC BLIND TIME
260 C APR Yns ATMPOINT OFFSET RADIUS
27, C APA DEG RFLATIVE BEARING OF AIMPOINT FROM TARGEY
28. ¢ {ATMPOINT OFFSET ANGLE) )
29 C SIGTR SEC STANDARD DEVIATIOM OF NORMAL ERROR IN EQTIMATE
30. C oF 18
3. 4 sIGTC OeG STANDARD DEVIATIOM OF NORMAL ERROR IN EgTIMATE
32. C OF TARGET INJTIAL COURSE
33. C SIGTS XTS STANDARD DEVIATION OF MORMAL ERROR IN EgTIMATE
4. C OF TARGET INITIAL SPEED
as. C SiGL YyDS STYANDARD DEvVIATION OF CIRCULAR NORMAL ERROR
36, C IN ESTIMATE OF TARGET INITIAL POSITION
3z, c S16D YDS SYANDARD DPEVIATION OF CIRCULAR NORMAL EgROR
ag. c OF WEAPON DELIVERY
39. C NX cone NUMBER OF MIT PROBABILITY GRID LINES
40 C PERPENDICULAR TO TARGET CENTERLINE (25 wmAX)
4], C (4 cone NUMBER OF HIT PROBARILITY GRID LINES PARALLEL
42. C TO TARGETYT CENTERLINE (25 MAX)
43, C NRAM cone ARBITRARY INTEGER SEED FOR RaANDOM NuMmBER
4y, C GENERATOR
4%, C GFIDX(I) YOS ARRAY (2% MaX) OF X COORDINATES OF MY
Wb c PRORABILITY GRIO LINES, POSITIVE AMEAD,
47. C NEGATIVE ASTERN., ARRAY S STRUCTURED IN
48, e ASCENDING ORDER « GRIDX{I) oLTe GRIDX(I41),
49. c GRIDY (1) YOS ARRAY (25 MAX) CF Y COORDINATES OF HIT
50, ¢ PRORABILITY GRID LINES. POSITIVE 10 pORYy,
S1e C NEGATIVE 10 SYBD, ARRAY [S STRUCTURED In
52, (4 ASCENDING CRDER « GRIDYU!]) oLTe GRIDY(I41),
€3, c PHIT V) ecaes- ARRAY (24 BY 24 MaX) OF HIT PROBABILITIES,
54, 4 PHID,J) 15 YHE PRORABILITY ASSOCIATED WjTH THE
L1 C M1Y PROBABILITY GRID RECTANGLE DEFINED pY




LY X C ({GRIOX(!) LLE, X) +ANC, (GNIDX(IOH CGTQ X1y

7. C ANC,
. SR, C LIGRFIDYtJY) JLEes Y) oANCos (GRIDY(Je1) +Gye Y))
g 9.
" 60, C FOR THF FIRSY SFT, ALL INPUY DATA MUST RE PROVIDEDPs FOR SUBGEQUENT
{ 61, c SFTS, OFLY DATA MODIFICAT|ONS ARE REQUIREDs NSET 1S READ ON_Y ONCE
! 62 C AT THE START OF THE PROGRAM, ALL DTHER DATAH ARE READ AT STARY OF
. 63, C EACH SET, NAMELIST [NPUY 1S USED,

64,

65 c SPECIFICATION STATEMENTS

: hbe DIMENSION GRIDX(25) ,GRIDY(25) PH(24,24)

67 NAMELIST /NL{/NSET

b8 X /NL2/NRUN (HSHOT ,PTM TS| ,752 ,CHAX ,CHIN,TR,TCL,TR2,TRsAFR,

69. bd APA,SIGTYR ,SIGTC,STIGTS,SIGL4SYGD ,NX ,NY ,NRAN

70, X /NL3/GRIDX ,GRINY PH

71 N22 FORKATIIH] ,49HCUMULATIVE HIT PRORARILITY FOR ALL RUNS THS gET:,

72, X 2X,6HPCH ® F7,4,/71%,30HINPUT DATA FOR THE SET FO_LLOWw!!

73 026 FORMAT(IH t4HGRIDX (1) (Im)ey12,2M)0/7101FB32X))

T4 027 FCRMAT(IH ,14HGRIDY(J) (Jml,,12,2H)2/10(FB.182X))

75 028 FORMAT(IH ,13HPH(T,y) (1s1,,12,7H),lJs],,12,2H)1/10IF8.4:2X))

Tbe

77, C DEFINE INVERSE HYPERBNLIC FUNCTIONS

78« ASIMM(X)RALOG(X+SQRT(XexXe],0))

79, ACOSH(X)IZALOG{X*SQRT(XeX=),0))

80, ATANH (Y )20 ,5eAL0GI (] ,0+Y) (10X}

81 ACOTH(X)1 R0 S5sALOG{IXe) D)/ {X=]40))

82»

83, C INITIATE LOOP FOR SETS OF RUNS

8. READ(S,NLI)

88, DO plu =) ,NSETY

86+

87. c READ INPUT DATA FOR SEY

88 READIR ML 2)

89, READIS,NL3)

90,

91, C INITIALIZE DATA FOP THIS SET

92, OUM|=0 562962963

93, TS11=DUM)eT1S)

94, TS21sDUM]eTS2

95, SIGTS1aDUMLeS]IGTS

96 TCLI®s1CL /3.0

97, DuMi=0,01745329

98, APAI®DUM)| s APA

99, SIGTC1sDUMIeS]GTYC

100, NRAN|22eNRANS

101, PCHe0,.0

102, FMRUMSFLOAT (NRUN)

103,

104, C INITIATE LOOP FOR RUNS IN THIS SET

105, DO 017 J=] 4NRUN

1Cé.

107, C TIME TO WEAPON DELIVERY FOR THIS RUN

108, CALL GAUSS(NRAN] ,0.0,S5IGTB,NRAN}, T)

109 TisTReTH

110,

1hle C COMPUTED TARGET POSITION AT WEAPON DELIVERY

112 CALL GAUSS(NRAN] (0¢0,SIGL,NRAN] ,XTC)




113,
118,
11Se
116
117
118
119,
120,
121
122
123
124
125
124
127,
128,
129,
130
131
132
133,
134,
139,
136,
137
138,
129,
140
141
1492,
(43,
144,
148,
1460
147,
148
149,
150,
151,
152
183,
154,
156,
186
157,
158,
159,
160,
161,
162,
1613,
164,
145
166
167
168,
169,

00}

ct2
01

ony

X

CALL GAVMISS(NPAN] D C,STGL NRAN] YTC)
CALL GAUSSUNRANI ,040,S1GTS! NFANT DUNY)
DUM s (TS 1eDLiM) ) TR

CALL GAUSSINKAMNL ,0e0,STIGTCT NRAN| ,DUM2)
XTCaXTCoeDUM|eCOSIDUM2)
YTCaYTC=DULI}eSIN{DUM2)

AIMPOINTY
DuUM2sDiuM2+APAL
XAP=XTYC+APReCOS(DUM2)
YAPsYTC=APReSIM(DUM2)

TARGET COURSE AMD POSTITION AT WEAPON NELIVERY

IS TYHERE » TARGFT PFANEUVER

CALL UNFRM(NRAN) ,HRAN] RN)

IFUEIPTF LT 0o 0)eORGIRN,LToPTM) ), AND (({CMAXGNEO4N)oOR,
(TS2,'E4TS1))) 6O To 0O}

TARGEY COURSE AMD POSITION AT WEAPON DELIVERY, NO MANEUVER.
TCwo=0,0

XTeTS|1eT)

YT=sg.0

G0 10 pC2

TARGEY MAMEUVER: TIME MANEUVER STARTS.
IFIPTM,LT.0,0) GO TO Nn12

CALL UNFRM{NRAN] ,NRAN] RN)

TMasRMeT

Go 10 o0t

TMsa] NePTMeT

CONTINULE

TARGET POSITION AY STARY OF MANFUVER
XTa7TS11eTH
YT=0.0

DCES MANEUVER INCLUDE COURSE CHAMNGE
CALL UNFRM(NRAN] JNRAN| 4RN)
CCMaCMIMNORNe (CMAXaCMIN)

IF(CCN NEL,D,C) GO TO 093

TARGEY COURSE AMD POSITION AT WEAPON DELIVERY, SPEED CHANGE ONLY,
TCWD=0,N

FNUD®TS)/TS2

TaUsTS21e(TaTM)/TCLI

[FIFNUQ.GT,1,0) GO TO nNo¢

TARGEY ACCELERATYES

CUMISATANH (FNUQ)
XTaxTeTCLISALOGICOSH{TAUSDUM]}/COSHIDUML))
60 10 po2

TARGEY DECELERATES

DUMISACNTH({FNULQ)
XTaxTeTCLIGALOGISINH(TAUCDUMLI/SINHIDUM])
GO 10 nu2




L- 170
- 171 C TARGET COURSE AND POSITION AT WEAPOM DELTIVERY, COURSE CHaNGe,

172 N3 DuMsl ,N+TR2/(TReTR)
173 CRsTCLI/DUM,
174
175« C MAGNITUDE AND DIRECTINN OF COURSE CHANGE
176, CCMaN,D1745329eCCM
177 CALL UNFRMINRAN] ,NRAN) ,RH)
178, CCSOIoO
179, IFIRN,GT,0.5} CCSm=1,n

¢ 1RO
181 C TERMINAL SPEED FOR INFINITE TURM
1R2. TSTaTS21/SQRT(DUMY)
183,
184 C ARC LEMGTH QOF FULL TURN
165, SsTReCCM
186
187, C DOES TAHGET ACCELERATE OR DECELERAYE NPURING TUAN
188, FNUQ®TSITI/TSY
189, IF(FNUQ.GTs]s3) GO TO 0O5
190, IF(FNUDLEG.1a0) GO TO 006
191
192 C TIME T0 COMPLETE TURN, TARGEY ACCELERATES,
193, DUM}=AYANHIFNUD)
194, T25(CR/TST)etACOSHIEXF(S/CRICOSH(DUM}))=DUM)
195,
196« C CaMN TYURM RE COMPLETED REFORE WEAPON DELIVERY
197, IF((TMeT214LELTl) GO YO 007
198
199 C COURSE AND POSITION DURING TURN AT WEAPCON DELIVERY
200« TAUS(YST/CR)e(Tl=TM)
201 SeCReALOG(COSH{TAUSDUM]L ) /COSHIDUM )
202. OuM2sS/TR
203, TCWD=DUM2eC(CS
204, XTexT+TReSINIDUM2)
2GS YT=TRe(1,0=COSIOUM2))0CCS
206 GC 10 po2
207,
208, C SPEED AMND POSITION AT EMD OF TURN
209, CO7 XT=xXTeTROSIN(CCM)
210 YTsTRe()40=COSICCM))e(CCS
211 TAUS(TST/CR)eT2
212, TSEaTSTeTANH(TAUSDUM])
213,
214 C RESETY COEFFICIENTS FOR STRAIGHY RuUN AFTFR TURN
215 Fnup=TYSE/ZTS21
2160 TAUs(TS21/CR)e(T1=THaT2)
217 ODuMisaATANM(FNUC)
218,
219 C COURSE AND POSITION AT WEAPON DELIVERY
220 TCwD=CCMeCCS
221, OUM2mTCL1oALOG(COSHITAUCDUM] 1 /COSH(DUMYY)
222, XTeXTeDUM2eCOSICCM)
223, YIayTeDUM2eSIN(CCMINCCS

. 224, GO0 T0 oC2
22S .
2260 ¢ TIME YO COMPLETE TURN, TARGET SPEED CONSTANT,

A-5




227,
228,
229,
230,
231
222,
233,
234,
235
236,
237,
238,
239,
2490,
241
242,
243
294,
245,
246
247,
248,
249,
250
251
252.
253
254,
25%.
256 .
257.
258.
259«
26N,
261
262
263,
264,
26S.
2664,
267,
268,
269,
270
271
272,
273,
274
275.
2760
277,
278
279,
280,
281,
2R2.
283,

coé

nos

nas

009

T23TRe(CCM/TS ]

Cal TURN EBE COMPLETED REFORE WEAPON DELIVEhRY
IFL(TMeT2),LELT1) GO YO QQF

COURSE AMD POSITYIOM CURIMNG TURM AT WEAPON DELIVERY
DUM23CCMe(T|aTM)I/T2

TCWD=DUM2eCCS

XTYsXTeTReSIN({DUM2)

YT=TRe(],0=COSINUM2)1eCCS

G 10 an2

POSITION AT EMD OF 7YURN
XTEXTeTPeSIN(CCM)
YTaTRe(1,0=COS(CCMI)0CCS

RESETY COEFFICIEMTS FOR STRAIGHY RUn AFTER TURN
FRNUO=TS11/T52]

TAUS{TS?21/CR)¢(T|=TH=T2)

DUM =ATANH{FNUQ)

COURSE AND POSITION AT WEAPON DELIVERY
TCWDsCCMeCCS
DUM2sTCLICALOG(COSHITAUSDUYUM ) /COSH(DUM )
XTaxT+NUM2eCOS(CCM)
YTEYTeDIM2eSINICCM)eCCS

60 YO nO2

TIME Tr COMPLETE TURN, TARGET DFCELERATES
DuM)=ACOTHIFNUD)
T2=2{CR/TSTI (ASINHIEXPIS/CR)SSINH(DUM} ) ) =DMy )

CaN TURMN BE COMPLETED REFORE WEAPON DELIVERY
IF{(THMeT2)4LECT)) GO YO 009

COURSE AND POSITION DURING TURN AT WEAPON DELIVERY
TAUS(TST/CR)Ie(Ti=TM)
SsCROALOGISINH(TAUSDUM] ) /SINH{DUMY )

DuMzes /TR

TCADSNUM2eCCS

XT=xTeTReSIN(DUM2)

YT2TRe(1,0=-COSIDUM2))eCCS

6a 10 nn2

SPEED AND PQSITIOM AT END OF TURM
XTsXTeTReSIN(CC*)

YT=TRe () ,0=COSICCM))eC(CS
TAUS{TST/CR)eT2
TSCaTST/TANM(TAUSDUML)

DNES YARGET ACCELERATE OR DECELERATE AFTER TURN
FNUQSTSE/TS2] .

IF(FNUNLGT,1,C) GO TO 010

IFIFNUDLEQ,],3) GO TO 011

YARGET ACCELERATES AFTER TURN, RESET COFFFICIENTS FOR STRAIGMTY
Rijhe,




284,
288,
284
287
2RB .
289,
290
29}
292
293,
294,
295,
296,
297,
298,
299,
300.
301,
302,
303,
304,
305,
306,
307.
308,
309.
310
313
312
313.
3i4.
315,
316,
317
JIR.
319.
320.
321
322.
323.
324,
325,
326
327.
328,
329.
330
331
332.
333,
334.
335.
336,
337,
338,
339.
340

Ia]

olo

nn2

020

TaUs(TS21/CR)Ie(Ti=TM=T2)
DUt =sATANHIFNUD)

COURSE AND POSITION AT weAPON NELIVERY
TCwD=ECCMeCCS
DUM2TCLISALOGICOSH{TAUSDUML ) Z/CNASH(DUMY)Y)
XT=xTeNUM2eCOSICCH)
YTaYTeNUM2eSIHN{CCMIeCCS

GO 10 Q02

&
;:L?sznztcco CONSTANT AFTER TURN, COURSE AND POSITION AT WE,PON
TCWDsCCMeCCS

DUM2%TSEe(T{=TM=T2)

XTexT+DUIM2eCOS(CCM)

YT=YTeNUM2eSINICCMIeCCS

GO TO0 nn2

TAPGET DECELERATES AFTFR TURNe R T COEF

TaPG ¢ RESET COEFFICIFNTS FOR STRAIGHT
TAUS(TS21/CR)Ie(T1leTMT2)

Dyt | sACOTH(FNUQ)

COURSE AND POSITION AT WEAPON DELIVERY
TCwD=CCMeCCS
DUM2STCLICALOG(SINH(TAUSDUMII/SINH(IDUNY )}
XTeXT+DUM2eC0S(CCM)
YT2YT+DUMZeSIN(CCMIeCCS

TERMINAL FOR TARGET CNURSE AND POSITION
CONTINVE

INITIALIZE LOOP FOR NUMBER OF SHNTS ON RUN
PCHS=Q,0
Do gle K=]  NSHOT

WEAPON NELIVERY POINT

CalLL GAYUSS(NRAN] 00,5160 ,NRAN] ,XWD}
CALL GAUSS(NRAN] ,0.0,ST1GO ,NRAN| YWD
XWlaXWheXAP

YwDeYWD+YAP

CONVERY WEAPON DELIVERY POINT YO HITY P

CONVERT WEAPON 1 ROBABILITY GRID COQRO[NATES
DUM2BCOSITCWD)

DUM3sXWD=XT

OUMysYWN=YT

XWDGaDUMYSDUM) +DUM3IeDUM?

YWOGENUMYeNDUMI2.NUMIeDUM,

IS THE WEAPON DELIVERY POINY QUTSIDE 7

_ . HE HIT pROBABILITY GRD
IF((XWNGLLTAGRIDX(1)),0Re(XNDGIGE,GRIDXINX)),OR, :
X (YWDG,LT,GRIDY (1)) ,0R,(YWDG,GE,GRINY(NYI)) GO TO Q14

CUMULATIVE HIY PROBABILITY FOR RUN
1=}
TF((GRIPX(T]),LE XWDG) AND({GRIDX(1141).,GT,XWNG)) GO TO n19




341
3482
343,
44,
348,
346,
347,
348
349,
350.

352
353,

a8s5.,
LY X

3%8.
3ge,
360
3é).
362,
363,
364,
345,
366
367,
kY 3. N

370.

hERJ
c1a

016

n7

N4

11211+
GO TO Nn20

Jus |

IF!'4GRIDY(JJ) LE(YWDG) JANDG(GRIPY (JJUe11,6T.YWRGY) GO TO 7521
JurJded

GO TO® g8

PCHSaPCHSePH({ ] ,JJ)=PCHSepPH(IT] 04

LOQP TERMINAL FOR MUMRER QF SNOTS ON THIS RUN
CONTINUE

CUMULATIVE HIT PRURARILITY FOR SEY
PCHEPCHN*PCHS/FNRUN

LOGP TEFMINAL FOR RyNs N THIS SET
CONTINUE

PRINY RESULTS FOR SEY

WRITE(6,422) PCH

WRITE(4,NL2)

WRITE(4,26) NX,(GRIDX(TI]) ,11=],MX)

WPITE(6,27) NY (GRIDY(IT) 11®) NY)

NYlshNXet

NYlaMYel

WRITE(6,28) NXP NYT CIPHITE U] TIn) MXT) JJs) ,NYY)

LOOP TERMINAL FOR SETS OF RUNS
CONTINVE

END




{e
2
3.
Qe
S
bo
T
Be
Qe
10
1l
12,
13
14,
15,
160
17
18,
19,
20.

2 EaNaNalaNaNaNalNala ey

602

ce1

SUBRCUTINE UNFRMIND,N),X) COMPUTFS A REAL PSEUDO-RANDOM vARABLE X
UNIFORMLY DISTRIBUTED OVER THE INTERVAL 0,0 TO 1.0 AND AN [NTEGER
PSEUDO-RANDOM VARIABLE N) UNIFORMLY DISTRIBUTEC OVER THE INpERVAL
0 70 (29e35-))=~i2evp=)), IF A CALL FOR UNFRM HAS NOT BEEN
PPECEEDED RY ANOTHER CALL FOR UNFRM OR A CALL FOR GAUSS, THg SEED
VARIABLE NO MUST BE AN 0DD INTEGER. OTHFRWISE NO SHOULD BE YTHE
VALUE OF N|} RETURNED RY THE PRECEEDING C(ALL FOR UNFRM OR GAySS.
THIS SUBROUYINE 1S INTENDED FOR USE WITH A COMPUTER HAVING 4N
INTEGERP WORD LENGTH OF 35 BITS PLUS SIGN AND AN INTEGER-TO=gEAL
COMVERSION FUNCTION FLOAT(I) WHICH RETAINS ONLY THE 27 M5 B TS

OF THE INTEGER, THE PERIOD OF THE PSEUDO RANDOM NUMBERS 1S
APPROXIMATELY 20e¢33,

SUBROUTINE UNFRMIND, N1 (X)

Ni®185363eN0

IFIN1.GE.G) GO TO 00!

N]B-]CN'

IFINI,GT,34359738112) GO YO 002

XaF OATIN])/34359738112.C

RETURN

END




le
20
3.
Yo
Se
be
7
8,
G
1Ce
11.
12
13,
14,
1.
160
17

[aNaNaNaNaNalal

01

SUBROUTINE GAUSSIND,XM,xS,N1,X) COMPUTES a REAL, NORMALLY
DISTRIRUTED, PSEUDO-RANDOM VARIABLE X WITH MEAN XM AND STANpARD
DEVIATION XS, IF A CALL FOR GAUSS HAS NOT BEEN PRECEEDED BY
ANOTHER CALL FOR GAUSS OR A CALL FOR UNFRM,THE SEED VAR[aBLg NO
MUST BRE AN ODD INTEGER, OTHERWISE NO SHOULD Bt THE VALUE OF Nj
RETURNED BY TWg PRECEFDING CALL FOR GAUSS OR UNFRM, SUBRQUTINE
GAUSS CALLS THE SUBROUTINE UNFRM,

SUBROUTINE GAUSSINC XM, XS N, X}

X=0,0

00 go1 Is1,12

CaLL UNFRM(Ng ,NO,DX)

XeXeDX

CONTINUE

Nj=ND

XalX=gN)oXSeXM

RETURN

END




APPENDIX B: TWO-DEGREE-OF-FREEDOM

EQUATIONS OF MOTION FOR A MANEUVERING TARGET




TERMINAL SPEED FOR A GIVEN THRUST LEVEL

The terminal (steady-state) speed v of a submerged body with constant
thrust level T is given by:

5 (B-1)

where:

p = density of the medium
C_. = drag coefficient

characteristic area

Now let CD1 denote the drag coefficient of the body for motion along a

straight path and cD the drag coefficient of the body in a turn. Let v

2 1
denote the terminal speed of the body for a straight run with constant thrust
T and vz the terminal speed in an infinite turn with the same thrust level T,

Then, it follows from equation (B-.):

C
D1
v, =V, " (B=2)
D2
Assume CD2 is of the form:
c_=c.. +kKc? (B=3)
D2 D1t L

where K is some constant and CL is the lift coefficient due to turning. Then:

0

1

o

(9]

o
=11+ -C—— (B~-4)
D2 D1




The lift L for a body at speed v during a turn of constant radius R is given
by:

2
1 2 2mv
L 3 PV CLS = =R (B-5)

where m is the body mass and is equal to the mass of the water displaced by
the body (we assume trim for neutral buoyancy).

Then, solving for CL:
- 4m

4 PSR {B~6)

Substituting (B~6) into (B-4):

C 2 -1
D2 p SR CD1
Or
-1
"1 Rczz
c—— = 1 + -2— (B"S)
D2 R
where
2
Ri = 1: ;mc (B-9)
e S D1

Rz is defined as the characteristic drag radius squared of the body. Then,

fram equations (B-2) and (B-8):

]
N

(B-10)

<
"
<
-h
+
’N ‘ O’N

B-3




Equation (B~10) is used to compute the terminal speed vy for a target in a

circular turn of constant radius R, at a constant thrust level which would

produce a terminal speed v, if the target were on a straight run (R =00 ).
This formulation is a consequence of the fact that thrust levels for a ship
or submarine are ordered in terms of the corresponding straight-run terminal

speed.

TARGET MANEUVERS

The program provides for a target maneuver which consists of an instan-
taneous thrust change and/or a circular turn maneuver with the start of the

turn at the time of thrust change.
We define the following:

v = jnstantaneous target speed

vo = initial target speed at time maneuver sgtarts (t=0)
To = thrust level before start of maneuver
TT = thrust level after start of maneuver

v_ = terminal speed for the maneuver at thrust level TT
During the maneuver, the force acting on the target is:

1 2
F QT 2 pv CDZS (B-11)

21 (2 - v?)
2 DCDQS VT v

Then the target acceleration is:

a=c¢ (v: - vz) (B-12)




where:

ochs

€= 2m (B-13)

From equation (B-8):

2
oC_.S R
c=—2 [14+ £ (B~14)
2m 2
R
1 R
= 1 > —
Lc R2
The term !c is called the characteristic length of the target:
L = 2m
c 0CD1S (B~15)
From equation (B-12) we obtain the differential equation:
B-16)
— . w4t = xat (
2 T
1-v
where
v = (B=17)
T
and
= -1
X Vo (B-18)

The solution of the differential equation (B-16) by integration depends upon
the value of v. We identify three cases:

Case I: Target accelerates during maneuver (Vv < 1)




Case II: Target decelerates during maneuver (v > 1)

Case III: Target speed constant during maneuver (v = 1)

Case I: Target Accelerates during Maneuver (v < 1)

For v < 1, the solution of the differential equation (B-16) is:

tanh™ Ty - tanh_1vo = Kt (B-19)
where:
vO
v = — (B=-20)
(o] VT
or:
v = tanh (Kt + tanh"vo) (B-21)

From equations (B-17) and (B-18) we see that

cv
v X {(B-22)
or
= (S S -
v = (K) ac (B-23)

where s is the path length variable during the maneuver.

Then equation (B-21) may be rewritten:

c ds = K tanh (Kt + tanh-1v°) at (B-24)

Integration of equation (B-~24) yields:

cosh (Kt + tanh-1v°)
tn =3 (B~25)
cosh (tanh vo)

®
]
al=

B-6




Equation (B-25) defines the path length traveled as a function of time. 1In
the case of a turn maneuver, this is equivalent to the angle of turn (course
change), since the turn is assumed to be circular (constant radius).

To compute the time required to travel a given path length, or, in the

case of a turn, to complete a given course change, we solve equation (B-25)

for t:

t = % \cosh-1[ecscosh(tanh-1vo) - tanh-1v° ] (B=26)

Target speed at any time during the maneuver is computed with equation (B-21).

Case II: Target Accelerates during Maneuver (v > 1)

For v > 1, the differential equation (B-16) has a solution:

coth-1v - coth-1vo = Kt (B=27)

If we proceed from equation (B-27) in the same manner as we did from equation

(B-19) for Case I (v < 1), we obtain:

v = coth <;t + coth'1v°> (B-28)

=

sinh (Kt + coth-1v°)
s = tn =3 (B-29)
sinh (coth vo)

t = % sinh™' | e“®sinh (%oth-1v°> - coth-1vo (B-30)
Equation (B-28) provides target speed at any time during the maneuver, while
(B-29) provides distance traveled (or course change) since start of the maneu-
ver. Equation (B-30) provides the time required to travel a given distance,
or, in the case of a turn, the time required to complete a given course

change.




Case III: Target Speed Constant During Maneuver (v = 1)

F( For the case of constant speed during the maneuver (v = 1), the equations
of motion are trivial, since we have linear motion at constant speed or motion

along a circular arc at constant speed.




-
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APPENDIX C:

INPUT DATA VARIABLES




ek o e

NAMELIST NL1

NSET:

NAMELIST NL2

NRUN:

NSHOT:

TS1:

TS2:

CMAX:

CMIN:

TR:

TR2:

Number of sets of runs

Number of runs in the set

Number of weapons simultaneously launched for each

run,

Probability that the target will initiate a maneuver
(course and/or thrust change) at some time during the
blind time interval. If -1.0 < PTM < 0.0, then the
target will initiate a maneuver at -100.0 * PT™ per-
cent of the blind time.

Initial target speed (knots).

New target speed ordered at time maneuver is initiated

(xnots) .

Maximum magnitude of target course change (degrees).

Minimum magnitude of target course change (degrees).

Target turn radius for course change (yards)

Target characteristic length (feet)

Target characteristic drag radius squared (yards

squared)

Estimated blind time (seconds)




APR: Aimpoint offset radius. Distance of aimpoint from
estimated target position at estimated time of weapon
1 delivery (yards).

APA: Aimpoint offset angle. Relative bearing of aimpoint
from estimated target position and course at estimated

. time of weapon delivery. (degrees)

SIGTB: Standard deviation of normal error in estimate of

blind time. (seconds)

SIGTC: Standard deviation of normal error in estimate of

target course (degrees)

SIGTS: Standard deviation of normal error in estimate of

target speed (knots)

SIGL: Standard deviation of normal target localization

errors (yards).

SIGD: Standard deviation of normal weapon delivery errors
{yards).
NX: Number of hit probability grid lines pervmendicular to

target centerline (program limit: 25 maximum)

NY: Number of hit probability grid lines parallel to

target centerline (program limit: 25 maximum)

NRAN

Seed for random number generators. May be any integer

35

less than 2 in magnitude.




NAMELIST NL3

GRIDX(I),

GRIDY(I),

PH(I,J),

(I=1, NX):

(I=1, NY):

(1I=1, NX-1),
(J=1, NY-1):

. , th
Distance from target, along target centerline, to I

hit probability grid line perpendicular to centerline.
Positive ahead, negative astern. Array must be

ordered such that GRIDX(I) < GRIDX(I+1).

Distance from target centerline to Ith hit probability
grid line parallel to centerline. Positive to port,
negative to starboard. Array must be ordered such

that GRIDY(I) < GRIDY(I+1).

Probability of hit for hit probability grid rectangle
defined by GRIDX(I) < x < GRIDX(I+1) and GRIDY(J) <y
< GRIDY (J+1)




APPENDIX D: INPUT DATA CARDS




The following key punch work sheets represent a typical set of input data
cards for program execution, with each line of each work sheet representing
one card. The numbers shown in columns 79-80 are nct part of the input data
and would not be included in the actual input cards. The numbers are included

only for reference purposes in the text of this appendix.

Card 01 specifies that program execution will consist of four sets of
runs. Parameters for the initial set of runs are contained in cards 02-21.
The hit probability grid parameters, contained on cards 07-21, correspond to

the hit probability grid shown on Figure (2).

Input parameters for the second set of runs are provided by cards 22-23.
These specify that input parameters for the second set of runs will be identi-
cal to these of the first, except for a different seed (NRAN) for the random
number generators. Thus sets one and two can test for stochastic convergence
by comparing results for generally different sequences of random variables
from the same statistical distributions. WNote that, even though there are no
changes to NL3 namelist data for the second set, a blank NL3 card (#23) is

provided, as required, for proper program execution.
Card 24 changes the magnitude of target turn maneuvers and the random
number generator seed for the third set. Card 25 provides the required card

for NL3, even though there are no NL3 data changes.

Cards 26-27 specify that the input parameters for the fourth set will be

identical to those of the third, except for the random number generator seed.

n-2
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APPENDIX E: PROGRAM OUTPUT DATA AND FORMAT
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APPENDIX F: INTERNAL VARIABLE AND FUNCTION NAMES
]




ACOSH(X) :

ACOTH(X):

APAI:

ASINH(X):

ATANH(X):

CCM:

CR:

DUM1, DUM2, DUM3, DUM4:

Statement function which computes the inverse hyper-
bolic cosine of X.

Statement function which computes the inverse hyper-
bolic cotangent of X.

Input variable APA converted to radians.

Statement function which computes the inverse hyper-

bolic sine of X.

Statement function which computes the inverse hyper-

bolic tangent of X.

Target course change magnitude (radians)

Indicates the direction of the target course change.
CCM = +1 for a negative change (positive y direction
or left turn). CCM = -1 for a positive change (nega-

tive y direction or right turn).

Reciprocal of hydrodynamic coefficient c (yards) ([see
equation (B-14)]

Dummy variables for temporary storage of intermediate

quantities

Floating point conversion of input variable NRUN

vo-ratio of initial to terminal speed [see equation
(B-20)]

P-2




Y

NRAN1:

PCH:

PCHS:

SIGTCI:

SIGTSI:

T1:

T2:

TAU:

TCLI:

TCWD:

T™:

TS11:

TS21:

TSE:

Running seed integer for random number subroutines

UNFRM and GAUSS.

Cumulative hit probability for set.

Cumulative hit probability for run.

Randam number from a uniform distribution over the
interval {[0,1]

arc-length of a turn maneuver (yards)

Input variable SIGTC converted to radians

Input variable SIGTS converted to yards per second

Actual time to weapon delivery (seconds)

Time required to complete a turn maneuver (seconds)

Time variable Xt [see equations (B-19) and (B-27)]

Input variable TCL converted to yards

Target course at weapon delivery time (radians)

Time target maneuver starts (seconds)

Input variable TS1 converted to yards per second

Input variable TS2 converted to yards per second

Target speed at end of turn (yards per second)




TST:

XAP:

YAP:

YTC:

Terminal speed for maneuver (yards per second) [see

equation (B-10)]

X=~COORDINATE OF AIMPOINT (YARDS)

x-coordinate of target (yards)

Estimated x-coordinate of target (yards)

x-coordinate of weapon delivery point (yards)

x-coordinate of weapon delivery point in hit proba-
bility grid coordinates (yards)

y-coordinate of aimpoint (yards)

y-coordinate of target (yards)

Estimated y~coordinate of target (yards)

y-coordinate of weapon delivery point (yards)

y-coordinate of weapon delivery point in hit proba-
bility grid coordinates (yards)

-




